Purpose Sex steroid hormone concentrations and insulinlike growth factor (IGF) proteins have been independently associated with risk of cancer, chronic diseases, and mortality. However, studies that evaluated the inter-relation between the sex hormones and IGF pathways have provided mixed results. We examined the association between endogenous sex hormones and sex hormone-binding globulin (SHBG) with IGF-1 and IGF-binding protein 3 (IGFBP-3) in a population-based sample of US men. Methods Data from 1,135 men aged 20 years or older participating in the third National Health and Nutrition Examination Survey (NHANES III) were analyzed. Weighted linear regression was used to estimate geometric means and 95 % confidence intervals for IGF-1 and IG-FBP-3 concentrations by sex steroid hormones and SHBG after adjusting for age, race/ethnicity, body mass index, waist circumference, alcohol consumption, cigarette smoking, physical activity, diabetes, and mutually adjusting for other sex hormones and SHBG. Results No significant association was observed between sex steroid hormones, SHBG, and IGF-1 concentrations. Total estradiol (% difference in Q5 -Q1 geometric means -9.7 %; P-trend 0.05) and SHBG (% difference -7.3 %; P-trend 0.02) were modestly inversely associated with IGFBP-3. Total testosterone was modestly inversely associated with IGFBP-3 (% difference -6.2 %; P-trend 0.01), but this association disappeared after adjustment for total estradiol and SHBG (% difference 2.6 %; P-trend 0.23). Androstanediol glucuronide was not associated with IG-FBP-3.
Introduction
Endogenous sex steroid hormones and insulin-like growth factor 1 (IGF-1) are anabolic hormones implicated in the aging process with a declining concentration with increasing age [1, 2] . Testosterone, which is the principal male sex hormone, plays an important role in complex mechanisms that determine muscle mass, fertility, glucose metabolism, and visceral adiposity [3] . Low testosterone concentrations have been associated with increased risks of metabolic syndrome and type II diabetes [4] , hypertension, and atherosclerosis [5] . In addition, it has been recently demonstrated that low concentrations of total testosterone are associated with increased risk of all-cause and cardiovascular mortality [6] . The association between serum androgens and prostate cancer risk has been generally null, and a pooled analysis of the worldwide data showed no association [7] .
IGF-1 is the main mediator of the growth hormone actions that involve cell replication and proliferation, lipid metabolism, and protein synthesis [8] . Low concentrations of IGF-1 have been associated with a wide range of morbidities including osteoporosis, metabolic syndrome [8] , diabetes, and cardiovascular disease [9] , whereas both high and low levels have been associated with all-cause mortality forming a U-shaped association [10] . A pooled analysis of prospective studies reported a moderately increased risk of prostate cancer with higher circulating IGF-1 concentrations [11] . Associations between serum concentration of insulin-like growth factor-binding protein 3 (IGFBP-3) and the risk of prostate [12] and other common cancers [13] are inconsistent. Moreover, a prospective study showed that multiple deficiencies in anabolic hormones such as IGF-1 and total testosterone may have a higher impact on mortality than a deficiency in a single hormone alone [14] .
Independent quantification of the sex steroid hormones or the IGF system components may not provide complete information regarding their contribution to cancer, chronic disease incidence, and mortality. Few studies have addressed the inter-relationship between sex hormones and IGF-1 or IGFBP-3 concentrations in men, which produced inconsistent results [15] [16] [17] [18] . In the present cross-sectional analysis, we explored the inter-relationships between sex steroid hormones (total testosterone, free testosterone, total estradiol, free estradiol, and androstanediol glucuronide) and sex hormone-binding globulin (SHBG) with IGF-1 and IGFBP-3 in a large nationally representative sample of US men after adjusting for important potential confounders.
Methods

Study population
The National Health and Nutrition Examination Survey (NHANES) is a periodic survey conducted by the National Center for Health Statistics (NCHS) of the United States (US) Centers for Disease Control and Prevention (CDC) to assess the health and nutritional status of the civilian noninstitutionalized US population aged 2 months and older [19] . NHANES III is based on a multistage, stratified, clustered probability sample collected from 1988 to 1994 in two phases (1988-1991 and 1991-1994) . Within each phase, participants were randomly assigned to either the morning or afternoon/evening examination session. NHANES over-sampled specific groups within the study population (persons over 60 years, African Americans and Hispanics). This survey included an interview, a physical examination, and a blood collection, and investigators are allowed to access surplus sera for approved studies.
More than 33,000 subjects participated in NHANES III. Of these, 1,998 men at least 20 years of age participated in the morning session of phase I. Morning sample participants were chosen to minimize extraneous variation due to diurnal production of hormones. For the purposes of our study, serum samples for hormone measurements were still available for 1,190 of these men. Additionally, seven men had missing values for sex hormones, and 16 men were excluded for having extreme hormone measurements. The following cut-off points were used to determine extreme hormone measurements and were based on identification of outliers from a graphical representation of the distribution of each hormone: testosterone [12 ng/mL (n = 3), estradiol [100 pg/mL (n = 4), androstanediol glucuronide [100 ng/mL (n = 6), SHBG [ 150 nmol/L (n = 1), IGF-1 [ 700 ng/mL (n = 1), and IGFBP-3 [ 8,000 ng/mL (n = 1). Finally, 32 men were excluded because they had missing waist circumference, leaving 1,135 men for the statistical analysis.
Informed consent was obtained from all participants. The Institutional Review Board of the NCHS at CDC approved the NHANES program. The measurement of sex steroid hormones was approved by the Institutional Review Boards at the Johns Hopkins Bloomberg School of Public Health and at the NCHS at CDC.
Measurement of sex steroid hormones, SHBG, IGF-1, and IGFBP-3
Blood was collected after overnight fasting for participants in the morning sample during an examination at home or at a medical center and was stored at the NCHS' main repository in Atlanta, GA. The serum samples were transferred on dry ice directly from the repository to the assay laboratory. Details on the blood draw, process, storage, and shipping methods are provided elsewhere [19] .
The laboratory of Dr. Nader Rifai at Children's Hospital in Boston, MA, performed all the measurements for serum sex hormone concentrations. Competitive electrochemiluminescence immunoassays on the 2010 Elecsys autoanalyzer (Roche Diagnostics, Indianapolis, IN) were used to quantify serum testosterone, estradiol, and SHBG. Androstanediol glucuronide was measured by an enzyme immunoassay (Diagnostic Systems Laboratories, Webster, TX). The participant samples were tested in random order, and the laboratory technicians were blinded to the identities, age, and race/ethnicity of the participants. The lowest limits of detection were 0.02 ng/mL for testosterone, 5.00 pg/mL for estradiol, 0.33 ng/mL for androstanediol glucuronide, and 3.00 nmol/L for SHBG, but there were no values below those limits in our sample. The coefficients of variation for the quality control samples were 5.9 and 5.8 % for testosterone at 2.5 and 5.5 ng/mL, 6.5 and 6.7 % for estradiol at 102.7 and 474.1 pg/mL, 9.5 and 5.0 % for androstanediol glucuronide at 2.9 and 10.1 ng/mL, and 5.3 and 5.9 % for SHBG at 5.3 and 16.6 nmol/L. Additionally, quality control samples were separately run with a mean estradiol concentration of 39.4 pg/mL, which is in the range of typical male concentrations; the intra-assay CV % was 5.2 %, and the inter-assay CV % was 2.5 %. Free testosterone [20] and free estradiol [21] concentrations were estimated from published formulas including values for total testosterone, total estradiol, SHBG, and albumin.
IGF-1 and IGFBP-3 were measured by Diagnostic Systems Laboratories (Webster, TX). IGF-1 concentrations were quantified by an ELISA (DSL 10-5600), which is an enzymatically amplified ''one-step'' sandwich-type immunoassay. This procedure includes an extraction step during which IGF-I is separated form its binding protein in serum. IGFBP-3 concentrations were measured with an immunoradiometric assay (IRMA; DSL 6600). This is a non-competitive assay in which the analyte to be measured is ''sandwiched'' between two antibodies. The first antibody is placed to the inside walls of the tubes, and the other is radiolabeled for detection. A single technician performed all procedures. Throughout the study, samples were reanalyzed if the coefficient of variation for replicate samples from a single vial was greater than 15 %. Coefficients of variation varied significantly among individual QC subjects ranging from 12.3 to 17.6 % for IGF-1 and 8.9 to 12.8 % for IGFBP-3 [22] .
Assessment of covariates
Demographic characteristics including age, race/ethnicity, cigarette smoking, and physical activity were self-reported during the NHANES interviews. The consumption of alcoholic beverages (beer, wine, liquor) was assessed using a food frequency questionnaire. Waist circumference at the iliac crest, height, and weight were measured during the examination. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. The definition of diabetes was based on self-reported information of diabetes diagnosis and blood concentration of glucose [no diabetes (no diagnosis and glucose \100 mg/dL), pre-diabetes (no diagnosis and glucose C100 to B125 mg/dL), and diabetes [diagnosis or glucose [125 mg/dL)]. Glucose was measured in NHANES using the glucose hexokinase method with a Hitachi Model 704 multichannel analyzer (Boehringer Manheim Diagnostics, Indianapolis, IN).
Statistical analysis
We calculated the pairwise Spearman rank correlation coefficients for all the hormones examined. We used weighted linear regression models to take into account the unequal probabilities of selection, oversampling, and nonresponse and thus correctly estimate the geometric means and 95 % confidence intervals of IGF-1 and IGFBP-3 concentrations according to each of the sex hormones. IGF-1 and IGFBP-3 were transformed using the natural logarithm because their distributions were right skewed. We used quintiles of the sex hormone concentrations, and when we tested the models using tertiles or deciles, the inferences were similar. Lowess plots between endogenous sex hormones and IGF-1 or IGFBP-3 were used to capture the best modeling approach, but no violation of a linear association was identified. Restricted cubic splines [23] were also used to further investigate the relationship between sex Cancer Causes Control (2014) 25:353-363 355 hormones or SHBG with IGF-1 or IGFBP-3, where knot positions were specified according to the quintiles of the sex hormone concentrations. The slope of the change in the natural logarithm of IGF-1 and IGFBP-3 with increasing quintiles of sex steroid hormones and SHBG concentrations was estimated by entering into the models an ordinal variable with its values corresponding to the quintiles of each hormone measure (1, 2, 3, 4, 5), the coefficients of which were evaluated by the Wald test. We also calculated the percentage difference in the geometric means of the hormones between the fifth and the first quintile by subtracting the geometric mean of the first quintile from the geometric mean of the fifth quintile divided by the geometric mean of the first quintile ((Q5 -Q1)/Q1). Negative values mean a decrease in the hormone concentrations with increasing quintiles, while positive values mean an increase. Three multivariable linear regression models were built for each of the IGF-1, IGFBP-3, and sex hormone pair including non-endogenous factors that are known to influence hormone levels. Model 1 was adjusted for age (as a continuous variable) and race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic including Mexican American, and other). Model 2 included also BMI (\25, 25-30 and C30 kg/m 2 ), waist circumference (as a continuous variable), cigarette smoking status (never, former, current smoker), type 2 diabetes (no diabetes, pre-diabetes, diabetes), alcohol consumption (never drinker, B1 drink per week, two or three drinks per week, four to six drinks per week, and daily or more), and moderate or vigorous physical activity (no physical activity, B3 times per week, 3-6 times per week, [6 times per week). Model 3 further included mutual adjustments for testosterone, estradiol, and SHBG because these hormones compete for binding to SHBG. We further adjusted for IGF-1, IGFBP-3, and percentage body fat [24] in respective models, but inferences did not change.
Based on evidence from previous studies, age [25] , race [26, 27] , obesity [28] , and diabetes [29] are factors that were significantly associated with both sex steroid hormones and the IGF system proteins; thus, we performed stratified analyses by age (at the median, B43 vs.
[43 years), race/ethnicity, obesity (not obese by both BMI and waist circumference definitions [BMI \ 30 kg/m 2 and waist circumference \102 cm], obese by only one of the two definitions, obese by both definitions [BMI C 30 kg/ m 2 and waist circumference C102 cm]), and type 2 diabetes (no, pre-diabetes, diabetes). In all interaction models, we also adjusted for percentage body fat to avoid possible residual confounding due to the extent of body fatness, but the results remained unchanged, and therefore, it was not included in our final models. We tested for possible interactions using the ordinal sex steroid hormone and SHBG variables, categorical variables for the potentially modifying factors, and their product terms. The statistical significance of the interaction terms was evaluated by the Wald test.
All tests were two-sided. P values \0.05 were considered statistically significant, and all analyses were performed using survey data analysis commands in STATA version 10 (College Station, TX). The p values from the interaction tests were not corrected for multiple hypothesis testing, but they were interpreted in view of the 48 (IGF-1 and IGFBP-3 9 6 steroid hormones 9 4 modifying variables) comparisons made.
Results
Baseline characteristics of the 1,135 adult men included in the analysis are presented in Table 1 . The mean age was 41 years, and the majority of the participants were white (78 %). The mean BMI was 26.4 kg/m 2 , and the prevalence of obesity based on BMI (C30 kg/m 2 ) was 21 %, whereas it was 26 % based on waist circumference (C102 cm). Thirty-two percent of the participants were current smokers, 29 % never consumed alcohol, and 44 % performed moderate or vigorous physical activity more than six times per week. Six percent of the participants were diabetic, and 37 % were in an undiagnosed pre-diabetic state. The geometric mean values of IGF-1, IGFBP-3, sex steroid hormones, and SHBG were within the normal range. Table 2 shows the pairwise Spearman rank correlation coefficients for all hormones examined. There were several statistically significant correlations with the strongest being the positive association between free and total estradiol (r = 0.89) and the strongest negative association observed between SHBG and free estradiol (r = -0.34). Geometric means and 95 % CIs of IGF-1 concentrations by quintiles of sex steroid hormones from the weighted linear regression analysis are shown in Table 3 . We found no statistically significant association between the concentrations of total (P-trend 0.13) and free testosterone (P-trend 0.44), total (P-trend 0.28) and free estradiol (P-trend 0.52), SHBG (P-trend 0.39), or androstanediol glucuronide (Ptrend 0.96) and IGF-1 in any of the multivariable models. When we ran the analyses again after further adjustment for IGFBP-3, the results remained not statistically significant. Table 4 presents the associations between sex steroid hormones and IGFBP-3. Total testosterone concentration was modestly inversely associated with IGFBP-3 in models 1 (% difference Q5 -Q1 geometric means -5.7 %; slope per quintile increase in concentration -0.01; P-trend 0.06) and 2 (% difference -6.2 %; slope -0.01; P-trend 0.01), but this association became nonsignificant after additional mutual adjustment for total estradiol and SHBG (% difference 2.6 %; slope 0.01; P-trend 0.23). There was no association between free testosterone and IGFBP-3 (% difference 3 %; slope 0.01; P-trend 0.36). Total estradiol concentration was modestly inversely associated with IGFBP-3 in model 1 (% difference -10.2 %; slope -0.02; P-trend 0.01), model 2 (% difference -10.3 %; slope -0.02; P-trend 0.01), and model 3 (% difference -9.7 %; slope -0.02; P-trend 0.05) (Fig. 1) . In model 3, the geometric mean of IGFBP-3 in the estradiol lowest quintile was 4,574 ng/mL, while in the highest quintile it was 4,130 ng/mL. However, free estradiol was not associated with IGFBP-3 (% difference -4.7 %; slope -0.01; P-trend 0.17). SHBG concentrations were also modestly inversely associated with IGFBP-3 in all models (% difference -7.3 %; slope -0.02; P-trend 0.02) (Fig. 2) . In model 3, the geometric mean of IGFBP-3 in the SHBG first quintile was 4,501 ng/mL, whereas in the fifth it was 4,171 ng/mL. Androstanediol glucuronide concentration was not associated with IGFBP-3 (P-trend 0.40). When we further adjusted for IGF-1 concentrations, all the associations remained unchanged.
The results of the stratified analysis for the fully adjusted models are shown in Online Resources 1 and 2. The strongest interaction based on the P value was observed for the association between SHBG and IGFBP-3 by obesity (P-interaction 0.002) where SHBG was inversely associated with IGFBP-3 in obese men (slope -0.09; P-trend \0.001), but no association was observed in men who were not obese (slope -0.002; P-trend 0.79). Significant interactions were also observed for the associations between SHBG and IGFBP-3 by age (P-interaction 0.01), where there was an inverse association in men older than 43 years (slope -0.05; P-trend 0.001), but no association was observed in young men (slope -0.02; P-trend 0.06). Other significant interactions were seen for the associations between SHBG and IGFBP-3 by race/ethnicity (P-interaction 0.007), between androstanediol glucuronide and IGFBP-3 by age (P-interaction 0.03), and between free testosterone and IGFBP-3 by obesity (P-interaction 0.02). In the associations between IGF-1 and sex steroid hormones, significant interactions were observed in the association between SHBG and IGF-1 by race/ethnicity (Pinteraction 0.04) and between total testosterone and IGF-1 by obesity (P-interaction 0.03).
Discussion
In the present analysis of cross-sectional data from NHANES III, we found no statistically significant associations between sex steroid hormones and IGF-1 concentrations. Total estradiol concentration was modestly inversely associated with IGFBP-3 concentration, although a significant association was not observed for free estradiol. SHBG was also modestly inversely associated with IG-FBP-3. An association between serum androgens and IG-FBP-3 was not observed. Our results did not support an association between serum androgens and IGF-1. Few studies have examined the inter-relation between sex steroid hormones and IGF-1, and they produced mixed results. In a large populationbased sample of 3,057 men participating in the European Male Aging Study (EMAS), free testosterone concentrations were positively associated with IGF-1 [15] , but these results were not adjusted for other sex hormones, physical activity, alcohol consumption, and smoking. Total and free androgens were not associated with IGF-1 in other smaller studies [16] [17] [18] . In vitro studies have shown that IGF-1 enhances sex steroid synthesis in the testis [30] . Nevertheless, these results may apply only at the cellular level where the local associations between IGF-1 and androgens may be different than those observed in the plasma levels that our measurements represent.
We found a statistically significant inverse association between total testosterone and IGFBP-3 that disappeared after mutual adjustment for total estradiol and SHBG. This inverse association was observed also in a previous study that adjusted only for age and BMI [17] . Free testosterone was not associated with IGFBP-3 in any of our multivariable models. Earlier studies have reported mixed results for the association between free testosterone and IGFBP-3 [15] [16] [17] .
We did not find a significant association between serum estrogens and IGF-1, and there are limited and conflicting published data on this association in men. Free estradiol was not associated with IGF-1 in the EMAS study [15] , but another cross-sectional analysis among 103 healthy elderly men showed a positive association between free estradiol and IGF-1 after adjusting for age [16] . We observed a significant inverse association between total estradiol and IGFBP-3, which was not observed in previous studies [16, 17] . It has been proposed that estrogens attenuate growth hormone (GH) actions through the increase in the GHbinding protein [31] , and this may be an explanation for the decrease in IGFBP-3, as it is partly regulated by GH.
Sex hormone-binding globulin (SHBG) was not associated with IGF-1 in our analysis, and this is in contrast to the results from other studies that reported a negative association [15, 16, 18, 20, 32] . These discrepancies could be due to differences in sample size, different population characteristics, and inadequate adjustment for confounders. SHBG concentration was inversely associated with IGFBP-3 in our study, which is consistent with other studies [15-17, 20, 32] . The biological mechanism that explains this inverse association may involve regulatory pathways mediated by insulin. Reduced serum SHBG concentrations have been described in insulin resistance states coupled with hyperinsulinemia, as in polycystic ovary syndrome [33] or obesity [34] , and also insulin has been shown to induce the expression of the IGFBP-3 gene [35] and thus increase the production of IGFBP-3 directly or indirectly through IGF-1 increase.
We reported some conventionally significant interactions for the association between sex steroid hormones and IGFBP-3 by age, race/ethnicity, obesity, and diabetes. The strongest suggestion for an interaction was the inverse association between SHBG and IGFBP-3 by obesity; there was an inverse association in obese participants, whereas the association was null in non-obese individuals. One of the metabolic effects of obesity includes a rise in insulin concentrations that leads to a progressive reduction in SHBG, and this might be the reason for the observed association in the obese, and not in the normal-weight individuals who have a normal insulin balance. This is the first study to our knowledge that examined potential effect modification by a number of contributing factors, and more data are needed to further explore these associations.
The strengths of this study include the large sample of adult men, who are representative of the general US population and the adjustment for demographic characteristics, lifestyle and health factors, and other sex steroid hormones, which were not consistently adjusted for in prior studies. The measurement method of estradiol may not be optimal for the range of values described in men [36, 37] ; therefore, the results should be interpreted with caution. On the other hand, serum testosterone concentrations have high correlation with mass spectrometry-based methods.
Our results are based on cross-sectional data, and we cannot make inferences about temporality. We cannot be certain on whether sex steroid hormones influence the concentration of IGF-1 and IGFBP-3 or the opposite. In SHBG sex hormone-binding globulin From a linear regression model of sex steroid hormones on IGFBP-3 adjusted for age and race/ethnicity à Same as model 1 plus adjustment for body mass index, waist circumference, diabetes, cigarette smoking, alcohol consumption, and physical activity § Same as model 2 plus testosterone, estradiol, and SHBG mutually adjusted, and free testosterone and free estradiol mutually adjusted * Change in IGFBP-3 concentration in ng/mL per one quintile change in sex steroid hormone concentration ** The -0.02 slope for total estradiol and SHBG was based on the logarithmic distribution of IGFBP-3 and corresponded to a 82 ng/mL decrease in IGFBP-3 per quintile change of estradiol and 74 ng/mL decrease in IGFBP-3 per quintile change of SHBG in the natural scale addition, the methodologies that were used to measure circulating IGF-1 and IGFBP-3 concentrations have changed over time. Especially for IGFBP-3, the correlation between the older radioimmunoassay (RIA) method and the newer ELISAs was moderate (r = 0.58; 95 % CI 0.49-0.66) [38] , so this could partly explain the differences between our results and results from other studies. One single measurement of a biomarker may not represent the average lifetime concentration, and it certainly does not incorporate the instability of the concentrations throughout the day or from day to day. However, there is evidence that, for all these hormones, a single fasting serum measurement can fairly reliably reflect the hormonal milieu over periods of months [39] .
In conclusion, our results suggest that there is no association between circulating sex steroid hormones and IGF-1 concentrations, but total estradiol and SHBG concentrations may be inversely associated with IGFBP-3. Researchers should examine in the future the potential joint effect of these two pathways on chronic disease etiology, including cancer and cardiovascular disease.
